The ssrA tag, an 11-aa peptide added to the C terminus of proteins stalled during translation, targets proteins for degradation by ClpXP and ClpAP. Mutational analysis of the ssrA tag reveals independent, but overlapping determinants for its interactions with ClpX, ClpA, and SspB, a specificity-enhancing factor for ClpX. ClpX interacts with residues 9 -11 at the C terminus of the tag, whereas ClpA recognizes positions 8 -10 in addition to residues 1-2 at the N terminus. SspB interacts with residues 1-4 and 7, N-terminal to the ClpX-binding determinants, but overlapping the ClpA determinants. As a result, SspB and ClpX work together to recognize ssrA-tagged substrates efficiently, whereas SspB inhibits recognition of these substrates by ClpA. Thus, dissection of the recognition signals within the ssrA tag provides insight into how multiple proteins function in concert to modulate proteolysis.
ClpAP ͉ ClpXP ͉ peptide recognition ͉ protein degradation ͉ SspB T he proteolytic machinery of cells must select the correct protein substrates at the right time and place. Two general mechanisms, degradation tags and regulatory proteins that modulate recognition, help ensure intracellular proteolytic specificity. Degradation signals, which can be present in the protein sequence or added by covalent modification, target substrates to specific proteases. In eukaryotes, for example, proteins can be targeted to the 26S proteosome by posttranslational addition of polyubiquitin (1) (2) (3) . In bacteria, proteins bearing the ssrA degradation tag, an 11-residue peptide, are recognized and degraded by several different proteases, including ClpXP and ClpAP (4) . The ssrA tag is added cotranslationally to the C terminus of polypeptides whose biosynthesis has stalled (5-7). The specificity of proteolysis can be further regulated by protein factors that modulate recognition of degradation signals by the protease. In Escherichia coli, for example, the SspB protein binds specifically to ssrA-tagged substrates and enhances binding of the tagged protein to ClpX (8) .
ClpXP and ClpAP are protein machines that promote ATPdependent degradation. Each of these complexes contains a hexameric Clp͞HSP100 family ATPase, ClpA or ClpX, that mediates substrate recognition and catalyzes energy-dependent protein unfolding (9) (10) (11) (12) (13) (14) (15) (16) . Both Clp ATPases can form a stacked protease complex with ClpP, a double-ring serine peptidase whose active sites face an internal chamber (4, (17) (18) (19) . The entrance to the inner proteolytic compartment of ClpP is small (18) , and before degradation, substrates must be unfolded by ClpX or ClpA and translocated into ClpP. Although similar in function and in their ability to recognize ssrA-tagged proteins, ClpX and ClpA have generally distinct substrate preferences. For example, ClpXP degrades the stationary-phase sigma factor (20) and Mu transposase (21), which are not substrates for ClpAP, whereas ClpAP, but not ClpXP, degrades HemA (22) and MazE (23) . Moreover, ClpAP, but not ClpXP, degrades denatured proteins in the absence of a degradation tag (16, 24) . Although a few specific recognition sequences for ClpX and ClpA have been identified, general sequence rules governing substrate recognition by either protein have yet to emerge.
In this article, we determine the sequence information within the ssrA degradation tag that is required for efficient recognition by ClpX, ClpA, and SspB. We find that the ssrA tag is rich in signaling information. ClpX and SspB recognize contiguous portions of the ssrA tag and function in concert to bind ssrAtagged substrates tightly, allowing more efficient degradation of these substrates by ClpXP. In contrast, SspB interacts with sequence determinants that partially overlap those of ClpA, resulting in inhibition of ClpAP-mediated degradation. These results establish that SspB can act as a bifunctional regulator of substrate recognition and that the ssrA tag contains intricate, overlapping recognition signals that allow modulation of proteolysis.
Materials and Methods
Materials. ClpX (25) , ClpP (15), SspB (8), ClpA (26) , and GFP-ssrA (27) were purified as described. Polyclonal anti-SspB antibodies were prepared by Covance (Denver, PA), by using SspB purified in our laboratory. PD buffer (pH 7.6) contains 25 mM Hepes-KOH͞5 mM MgCl 2 ͞5 mM KCl͞15 mM NaCl͞0.032% (vol/vol) Nonidet P-40͞10% (vol/vol) glycerol. HO buffer (pH 7.5) contains 25 mM Hepes-KOH͞20 mM MgCl 2 ͞300 mM NaCl͞10% (vol/vol) glycerol͞0.5 mM DTT.
Green Fluorescent Protein (GFP) Mutants. A gene encoding GFPssrA with S6G and S72A mutations in the GFP coding sequence (GFPmut3-ssrA) (28), a gift of A. J. Anderson (The Technical University of Denmark), was cloned into the NotI site of pACYC184 to create pMS30. Mutant ssrA tags were introduced by ligating the StuI and HindIII cleaved backbone fragment of pMS30 to synthetic oligonucleotide cassettes. DNA sequences were determined for all GFP-ssrA variants to confirm the expected sequence. The molecular weights of GFP-ssrA (A10D) and GFP-ssrA (A11D) were confirmed by mass spectrometry.
Degradation Assays. ClpX 6 (0.3 M), ClpP 14 (0.8 M), ATP (4 mM), and an ATP regeneration system (50 g/ml creatine kinase and 2.5 mM creatine phosphate) were mixed in PD buffer and incubated for 2 min at 30°C. GFP-ssrA or variants were then added, and the mixture was transferred to a 50-l cuvette; fluorescence readings were begun within 10 s. In some reactions, SspB was added, in concentrations indicated in the figure legends (as monomer equivalents), following the 2-min incubation at 30°C but before addition of substrate. Changes in GFP fluorescence (excitation 467 nm, emission 511 nm) were monitored in a Fluoromax-2 instrument (ISA, Jobin-Yvon, Longjumeau, France). Degradation of GFP-ssrA or variants by ClpAP was performed as above except by using ClpA 6 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
for ClpXP and ClpAP were different to optimize the activity observed for each enzyme.
Peptide⅐SspB Binding. A cellulose filter containing 220 synthetic ssrA peptide variants was prepared by the Massachusetts Institute of Technology Biopolymers facility using an Abimed instrument. Each peptide contained two additional alanines, Cterminal to the end of the ssrA sequence, and was covalently attached to the filter via a polyethylene glycol linker. The filter was blocked for 3 h in TBST (50 mM Tris, pH 7.5͞125 mM NaCl͞0.1% Tween 20) plus 10% milk, incubated with 10 g/ml SspB in TBST plus 0.1% milk, washed three times in TBST, incubated with polyclonal rabbit anti-SspB antibody for 1 h, washed three times in TBST, and incubated for 30 min with secondary goat anti-rabbit IgG horseradish peroxidaseconjugated antibody (Amersham Pharmacia). Three final washes with TBST were performed, the filter was incubated with ECL substrate (NEN), and binding was visualized on film. Attempts to probe ClpX or ClpA binding to the peptide filter were unsuccessful.
Results
Mutant Derivatives of the ssrA Tag. To identify the residues within the 11-aa ssrA tag that are important for recognition by ClpX and ClpA, we constructed a set of mutant tags fused to the C terminus of GFP (GFP-ssrA). Each non-alanine residue in the tag sequence was mutated to alanine, and each alanine was changed to aspartic acid (Fig. 1A) . Because GFP-ssrA (L9A) (numbering relative to the N terminus of the tag) was a relatively conservative mutation, we also constructed the GFP-ssrA (L9D) mutant. In total, 12 single GFP-ssrA mutants were constructed and purified.
To assay recognition by ClpX and ClpA, we measured degradation of the GFP-ssrA variants by ClpXP and ClpAP in vitro.
The initial rate of degradation of each mutant was determined by measuring the loss of GFP-ssrA fluorescence. To determine K m values, degradation rates were determined at a series of substrate concentrations. Consistent with previous reports, K m for ClpXP degradation of GFP-ssrA was 1.5 Ϯ 0.3 M (8, 15) (see Fig. 1C ). K m for ClpAP degradation of GFP-ssrA (1.5 Ϯ 0.4 M) was found to be similar (see Fig. 1E ).
SsrA-Tag⅐ClpX Recognition. Of the 12 GFP-ssrA mutants tested, only those with substitutions at tag positions 9, 10, and 11 caused greater than 2-fold increases in K m for ClpXP degradation relative to the wild-type value (Fig. 1B) . Ala-10 and Ala-11 were found to be critical determinants for recognition by ClpX. GFP-ssrA with either the A10D or A11D substitution had a K m for ClpXP degradation that was increased by at least a factor of 100 (no degradation was observed at substrate concentrations of 100 M). Mutation of Leu-9 to either alanine or aspartic acid also weakened productive interaction of the substrate with ClpX, Fig. 1 ). Our finding that Ala-10 and Ala-11 play the largest role in ClpX recognition is consistent with previous studies showing that replacing both residues with aspartic acids greatly reduces degradation by ClpXP of a tagged version of the N-terminal domain of repressor (4) .
To determine whether the Leu-9 -Ala-10 -Ala-11 sequence motif was sufficient to mark a protein as a substrate for ClpX, we constructed two additional variants. In one protein, residues 1-8 of the tag were mutated to the same amino acids shown in Fig. 1 A to generate GFP-D 2 A 5 DLAA. In the other, residues 1-8 of the tag were changed to glycines resulting in GFP-G 8 LAA. The GFP-D 2 A 5 DLAA protein was a substrate for ClpXP degradation (Fig. 1C) , although with an increased K m value (10.1 Ϯ 1.4 M). This change in K m probably results from the cumulative minor effects of the eight single mutations. The glycine-rich GFP-ssrA variant was resistant to degradation by ClpXP at concentrations of 50 M and below (data not shown). We conclude that a C-terminal Leu-Ala-Ala tripeptide is sufficient to allow ClpX recognition and ClpXPdependent degradation in some but not all sequence contexts. Because of its f lexibility, the glycine-rich linker may not allow the terminal Leu-Ala-Ala residues to adopt a conformation appropriate for ClpXP recognition.
SsrA-Tag⅐ClpA Recognition. Degradation of the GFP-ssrA mutants by ClpAP (Fig. 1D) Because mutation of the C-terminal alanine of the ssrA tag to aspartic acid had no effect on ClpAP degradation, we suspected that the free ␣-carboxyl group-a unique chemical signature of the C-terminal residue-might also be dispensable. To investigate this question, we compared the ability of peptides with either a normal ␣-carboxyl group (ssrA peptide) or a terminal carboxamide group (ssrA-CONH 2 ) to inhibit degradation of GFP-ssrA by ClpAP. As shown in Fig. 1E , the ssrA-CONH 2 peptide (K i ϭ 16.9 M) was as effective as the ssrA peptide (K i ϭ 16.4 M) in inhibiting degradation of GFP-ssrA by ClpAP. These results suggest that ClpA may be able to recognize an ssrA-like signal in any exposed region of a protein without restriction to the C-terminal end. Previous studies have shown that the ␣-carboxyl group is an important determinant of ClpX recognition of the ssrA tag, with the ssrA-CONH 2 peptide being 10-fold less effective as an inhibitor than the normal ssrA peptide (15).
SsrA-Tag⅐SspB Recognition. SspB binds to ssrA-tagged proteins and enhances recognition of these proteins by ClpX. Previous studies showed that SspB binds specifically to the tag, that the N3A tag mutation abrogates this binding, and that deletion of the last three amino acids from the tag does not prevent binding (8) . To define further the interaction between SspB and the ssrA tag, we synthesized an immobilized peptide library in which each residue of the ssrA peptide was individually changed to each of the other 19 aa, whereas the rest of the sequence remained unchanged. These peptides, which contained two additional C-terminal alanines, were covalently attached via their C termini to a cellulose filter by a polyethylene glycol linker. The filter contained 220 ''spots,'' with each spot corresponding to one peptide sequence.
Interaction with the peptides was measured by incubating the filter with SspB and subsequently detecting bound SspB with anti-SspB antibody ( Fig. 2A) . Inspection of the filter showed that SspB bound poorly to many of the peptides with substitutions at tag positions 1, 2, 3, 4, and 7. At position 3, for example, only peptides with Asn or His were efficiently bound. In contrast, at tag positions 5, 6, 8, 9, 10, and 11, SspB had no significant sequence preferences. for SspB recognition. These results suggest that SspB and ClpX interact with discrete sets of residues in the ssrA tag, whereas SspB and ClpA interact with some of the same residues.
Requirement for Dual Recognition of the ssrA Tag by SspB and ClpX.
Previous studies established that SspB decreases K m for ClpXP degradation of GFP-ssrA from 1.5 M to less than 0.3 M (8).
In principle, binding of SspB to the ssrA tag might be sufficient to target a tagged protein to ClpX without requiring independent recognition of the tag by ClpX. To test this possibility, we monitored degradation in the presence of SspB of the three GFP-ssrA mutants defective in ClpX recognition (L9A, A10D, and A11D). Even with SspB, the GFP-ssrA (A10D) and GFP- ssrA (A11D) proteins remained refractory to ClpXP degradation, indicating that binding by SspB does not bypass the requirements for ClpX recognition of these two residues (Fig. 3A and data not shown). SspB did, however, enhance recognition of the GFP-ssrA (L9A) mutant by ClpX. In the presence of 0.24 M SspB, K m for degradation of GFP-ssrA (L9A) was reduced from 6.2 M to less than 0.3 M (Fig. 3B) . Thus, SspB can compensate for decreased interactions with ClpX caused by this mutation. However, the GFP-ssrA (A10D) and GFP-ssrA (A11D) results clearly establish that SspB-regulated degradation of ssrA-tagged proteins depends on both sets of binding determinants, those for ClpX and those for SspB.
SspB Inhibits Degradation of GFP-ssrA by ClpAP. Because SspB and ClpA both interact with Ala-1 and Ala-2 in the ssrA tag, it seemed likely that their binding would be mutually exclusive and thus that SspB could inhibit ClpAP degradation of ssrA-tagged proteins. The results shown in Fig. 4 confirm this prediction. ClpAP degradation of GFP-ssrA was completely inhibited in the presence of a 2-fold excess of SspB. To ensure that SspB inhibits ClpAP degradation of GFP-ssrA by binding to the ssrA tag, we measured ClpAP degradation of GFP-ssrA (N3A). This mutation prevents binding of SspB to ssrA-tagged GFP (Fig. 2 and ref.  8 ) but does not affect ClpA recognition (Fig. 1D) . SspB did not inhibit GFP-ssrA (N3A) degradation by ClpAP (Fig. 4) , indicating that specific interaction of SspB with the ssrA tag is required to inhibit ClpAP degradation of the tagged protein.
Thus, SspB binds specifically to the ssrA tag and seems to mask sequence elements important for ClpA interactions.
Discussion
Binding Determinants for ClpX and ClpA in the ssrA Tag. In E. coli, addition of the ssrA degradation tag to a protein is a signal to destroy the resulting polypeptide, and ssrA-tagged proteins are degraded by ClpXP, ClpAP, FtsH (HflB), and Tsp (Prc) (4, 29, 30) . The Clp proteases are cytoplasmic, FtsH is a membrane protease, and Tsp is a periplasmic protease, ensuring that tagged proteins are degraded in all cellular compartments. In addition, SspB binds ssrA-tagged proteins in the cytoplasm and enhances their binding to and degradation by ClpXP (8) . Thus, the 11-residue ssrA tag must encode sufficient information to mediate at least five sets of protein-protein interactions. Here, we dissected the sequence elements within the tag that are recognized by SspB, ClpX, and ClpA, the three proteins principally responsible for degradation of ssrA-tagged proteins in the cytoplasm. Our results show that the ssrA tag contains contiguous binding sites for ClpX and SspB but overlapping binding sites for ClpA and SspB (Fig. 5A) .
The ClpX-binding determinants in the ssrA tag are highly localized, composed of the ␣-carboxyl group and C-terminal residues, Leu-9-Ala-10-Ala-11. Within this set, however, aspartic-acid substitutions at Ala-10 or Ala-11 completely blocked substrate recognition by ClpX and were far more deleterious than substitutions at Leu-9 or the ␣-carboxyl group. Interestingly, Tsp recognizes ssrA-tagged polypeptides (31) and nonssrA-tagged substrates that end with Leu-Ala-Ala (30), indicating that this protease interacts with the same portion of the ssrA tag as ClpX. Although the ClpX determinants are highly localized at the C-terminal end of the ssrA tag, it is important to note that GFP-G 8 LAA, which has the terminal Leu-Ala-Ala sequence, was not degraded by ClpXP. These data suggest that the sequence context or structure of a peptide containing this terminal tripeptide can influence ClpX interactions.
About half of the known ClpX substrates are similar to ssrA-tagged proteins in having nonpolar side chains at the penultimate and C-terminal residues (13) . This group includes MuA (Ala-Ile), Mu repressor (Ala-Val), Mu repressor vir 3061 (Val-Leu), and CtrA (Ala-Ala). In several cases, these nonpolar residues have been implicated in ClpX recognition (25, 32, 33) . It seems likely that ClpX uses the same substrate-binding site to interact with each of these substrates and with the ssrA tag. In contrast, other ClpX substrates-O (34), UmuDЈ (35) , TrfA (36), Phd (37), and s (38)-lack nonpolar residues at their C termini. Furthermore, where determined, the sequences responsible for protease targeting in these proteins have been localized to regions other than the C terminus. Thus, it is an attractive model that these proteins are recognized by ClpX using a different binding surface than the one that recognizes the ssrA tag.
Rules governing substrate recognition by ClpA are currently poorly defined. Our mutational analysis reveals that the most important residues of the ssrA tag for recognition by ClpA were Ala-1, Ala-2, Ala-8, Leu-9, and Ala-10, with the substitutions A1D, A8D, and L9D being especially deleterious. Thus, the ClpA recognition determinants, like those of ClpX, involve aliphatic side chains. Unlike the ClpX determinants, however, those for ClpA are not highly localized. It is unclear whether the five-residue spacing between the Ala-1-Ala-2 and Ala-8-Leu-9-Ala-10 determinants is important for ClpA recognition. Surprisingly, GFP-D 2 A 5 DLAA was found to be efficiently degraded by ClpAP in vitro (K m Ϸ 2 M, unpublished observations). The tag of this substrate does not contain several important ClpArecognition determinants, nor does it contain a ⌽⌽X 5 ⌽⌽⌽ motif (where ⌽ represents an aliphatic side chain). This tag does, however, contain ⌽⌽X 4 ⌽⌽⌽, ⌽⌽X 3 ⌽⌽⌽, and ⌽⌽X 2 ⌽⌽⌽ motifs, suggesting that ClpA might recognize short clusters of aliphatic residues with variations in spacing.
ClpX and ClpA are related proteins that both recognize the ssrA tag. Thus, it was a reasonable hypothesis that they might share homologous substrate-binding pockets responsible for this common substrate recognition. However, we find that these ATPases achieve common recognition of the ssrA tag by interacting with different sequences in the peptide (Fig. 5A ). This finding clearly favors the idea that the ssrA tags are recognized by these two proteins using substrate-binding pockets with substantially different recognition characteristics. Consistent with this conclusion, ClpX and ClpA generally recognize distinct proteins.
SspB Is a Bifunctional Regulator of Substrate Recognition. SspB exhibits strong preferences for specific side chains at positions 1, 2, 3, 4, and 7 of the ssrA tag. These SspB-binding determinants are adjacent to those recognized by ClpX, allowing both proteins to bind to the same ssrA tag. Mutual binding, in this instance, is required for SspB to stimulate ClpXP degradation of ssrAtagged substrates. Disruption of either SspB or ClpX recognition of the ssrA tag abolishes efficient degradation of ssrA-tagged substrates by ClpXP (see Fig. 3 and ref. 8) . Consistent with this substrate-docking mechanism, ClpX, SspB, and an ssrA-tagged substrate form stable ternary complexes (8) . In contrast, the SspB-binding determinants in the ssrA tag overlap those for ClpA recognition, and SspB, as a consequence, inhibits ClpAP degradation of ssrA-tagged substrates. Hence, SspB binding to the ssrA-tagged substrates enhances their degradation by ClpXP but inhibits proteolysis by ClpAP. The ability of SspB to divert ssrA-tagged substrates from ClpAP to ClpXP helps explain the observation that both proteases degrade ssrA-tagged proteins similarly in vitro, whereas these substrates are preferentially degraded by ClpXP in vivo (4, 8) .
Is SspB-mediated channeling of ssrA-tagged substrates from ClpAP to ClpXP biologically important? The answer to this question is uncertain, but the different activities of the two proteases toward certain substrates provides an opportunity for speculation. For example, ClpAP but not ClpXP degrades unfolded proteins without targeting signals (24, 39) , an activity that is probably most important during heat shock or other types of environmental stress. Up-regulation of SspB in response to stress could redirect ssrA-tagged substrates to ClpXP, leaving ClpAP free to degrade unfolded substrates.
Conservation of ClpX-and SspB-Recognition Modules Within the ssrA
Tag. The C-terminal tripeptide of the ssrA tag from a variety of bacterial species is highly conserved (LAA or VAA; Fig. 5B) , consistent with the observation that ClpX and Tsp orthologs, which are likely to recognize these positions, are present in these bacteria. SspB orthologs are only found in the ␥-and ␤-proteobacteria (8) . Alignment of the ssrA tags from these bacteria (Fig. 5B) , determined here. The N-terminal portions of ssrA-tag sequences from other bacterial families are still highly conserved (Fig. 5B) , although clearly distinct from the sequence bound by SspB. These observations suggest either that these bacteria contain an SspB-like regulator or that these regions are conserved because they mediate interactions with other proteases.
